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Abstract: Prefabricated construction has gained increasing popularity to meet the needs of rapid city
development in recent years. Installation quality check is a critical task in prefabricated construction,
and currently mostly still carried out manually, which is slow and ineffective. To provide an efficient
and practical quality check method to replace the current manual method, this paper elaborates on
an approach for checking prefabricated wall panels using laser scanning. The approach is validated
in an actual case study. A common laser scanner BLK 360 is adopted to collect onsite 3D scenes after
panel installation. The point clouds collected are co-roistered, classified, and segmented. Geometric
parameters such as angles and distances allow for determining whether the installation meets the
quality requirement. The outcome is compared with the quality check results using the conventional
manual method. The results show that the panels, which need rectification, are correctly identified by
the proposed approach. The major contribution of this study is determining the set of segmentation
parameters to be adopted in similar quality check-up procedures. A practical and efficient quality
check process is also proposed and can be readily implemented for certain prefabricated elements in

many construction cases.

Keywords: prefabricated wall panel; installation quality check; laser scanning; 3D point cloud;
segmentation; plane fitting

1. Background

In recent years, prefabricated construction is recognized as a more efficient construc-
tion method, and has a wide range of benefits in improving the industry’s productivity,
sustainability, quality, and health and safety [1-4]. In contrast to conventional construction,
there are additional lifting and installation processes for prefabricated elements, which
have direct impacts on the overall project quality [5,6]. For prefabricated construction
projects, one of the most common and important procedures is to ensure that prefabricated
wall panels (PWPs) are accurately installed.

The conventional installation and quality check procedures of PWPs are shown in
Figure 1; there are six major steps, including lifting to position, installation, checking
horizontal alignment and verticality during installation, and re-checking horizontal align-
ment and verticality after installation. Horizontal alignment is to install PWPs at the right
position. The datum lines on the floor are used to locate the PWPs (Figure 1, step 3).
Verticality check relates to the accuracy of vertical installation. A plumb line measuring
tool is used to check if one PWP is accurately vertical (Figure 1, step 4). After installation of
all PWPs, a re-check process for the whole floor is performed, which includes steps 5 and 6
in Figure 1. The re-check of horizontal alignment needs to check the relative positions of
those neighboring PWPs that are supposed to be aligned. The re-check of verticality is to
check the accuracy of verticality after installation based on a more accurate measuring tool.
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Figure 1. Installation and quality check procedures of PWPs on site.

The re-check process of steps 5 and 6 are referred as installation quality check (IQC)
in this study. The IQC process is usually carried out manually on individual PWP one
by one, which is very time consuming and labor intensive, especially for a project with a
large number of prefabricated elements [3,7]. In such cases, a more efficient measurement
method is required.

Laser scanning is a promising technology for quality check since it could collect
high-density geometry data of objects accurately and objectively [1,8-10]. Some studies
have proposed using laser scanning technology for quality check on surface defects and
flatness [11], dimensions [12,13], and rebar assessment [14] of PWPs. Wang et al. [11]
proposed a flatness quality assessment method on prefabricated concrete bridge deck
panels. Wang et al. [15] designed quality assessment methods to automatically detect
geometry irregularities of prefabricated elements. Liu et al. [16] carried out an automated
geometric quality check of multiple precast concrete elements based on a laser scan point
cloud. Other studies focused on quality check of indoor finished rooms, which are different
from the construction site environment. For example, Wang et al. [17] proposed a house
internal geometric quality check method to assess verticality, flatness, and other geometric
properties of an existing building interior. However, applications of using laser scanning in
IQC of prefabricated wall elements are still rare [1].

This paper presents a method for the quality check of PWDPs after installation. The
proposed method can be used to check a large number of installed PWPs (replacing steps 5
and 6 in Figure 1). It aims to achieve an efficient and practical IQC of PWPs using laser
scanning. There are two major issues to be resolved. The first objective is to identify PWPs
from laser scanning data based on point cloud segmentation and classification methods.
The success of PWP identification relies on the effectiveness of the segmentation algorithm.
The aim is determining suitable thresholds to be used in the segmentation per use-case. The
second is making the overall procedure practical and effective, including scanner selection
and measuring approach of horizontal alignment and verticality. The main purpose of the
proposed method is to effectively identify the PWPs that need to be rectified using laser
scanning data.

In the remainder of the paper, Section 2 reviews the previous studies on quality
check of prefabricated elements, and point cloud segmentation and classification methods
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for laser scanning data. Section 3 presents the onsite quality check criteria and how
the conventional checking method is carried out. Section 4 introduces the proposed
framework of IQC method, including identification of PWPs and proposed procedures of
IQC. Section 5 presents a case study using the method proposed in Section 4 to determine
the suitable values of the parameters used in the segmentation and quality check process.
It also compares the quality check results with the conventional manual check method, and
discusses the effectiveness and practical value of the proposed method. Final conclusions
are given in Section 6.

2. Literature Review of Related Work
2.1. Quality Check of Prefabricated Elements

In recent years, laser scanning technology has been widely introduced in construc-
tion industry. Laser scanning provides a way of digital information creation of physical
properties, which is beneficial for the quality management of building construction in the
long-term [18].

Due to the features of off-site construction, the quality check for PWP can be grouped
in two categories, quality check in production process and after onsite installation [19,20].
Some studies used an as-design model as reference to detect variation in quality check.
For example, Rausch et al. [21] compared three methods of using laser scanning data
and BIM to carry out geometric accuracy analysis of prefabricated elements, including
scan-to-BIM, scan-versus-BIM, and parametric BIM updating. Their research identified
that scan-versus-BIM method produced the highest average accuracy. Rausch et al. [22]
used laser scanning point cloud data and BIM to analyze the dimensional deviation
of prefabricated elements, and obtained the spatial relationship between prefabricated
components. Bosché and Guenet [23] used the scan-versus-BIM method to compute
the flatness deviation, which is based on matching each point from point cloud with
the corresponding element in the BIM model. Li et al. [24] aligned point cloud data
with an as-designed BIM model and calculated the deviations of component surface
based on the reference model points. Another approach is to conduct quality check
based on laser scanning data without referring to the as-design model. Kim et al. [25]
developed an edge and corner extraction technique using the vector-sum algorithm to
extract geometric features of prefabricated panels from point cloud, and then evaluated the
dimensional quality. The advantage of this approach is the higher efficiency and potential
to be automated [25,26].

Overall, most of these studies are on dimensional and flatness quality check in pro-
duction process. Onsite assembly and installation quality check using laser scanning is
rare; the only study retrieved from literature is the quality check of modular removable
floodwall installation, which used the BIM model and laser scanning data to detect installa-
tion deviation [27]. The onsite installation of this study is focused on the assembly process
of anchor plate, embedded parts, and fabricated modules. However, this method is not
sufficiently practical, which needs a skilled BIM engineer to process the data, and needs to
be more automated for practical onsite use. No other research reported in the literature
carried out onsite installation quality check using laser scanning for prefabricated building
elements. This paper aims to fill the research gap and develop a practical quality check
method for onsite installation of prefabrication wall panels.

2.2. Point Cloud Segmentation and Classification

To conduct IQC of PWPs using laser scanning, each PWP needs to be identified in
the point cloud data. Segmentation and classification of point cloud need to be performed.
However, few studies have explored using appropriate segmentation and classification
methods for the identification of PWPs from construction site data.

Segmentation is the process of grouping points into individual object surfaces or
regions with similar features [28,29]. Previous studies on point cloud segmentation are
more focused on detecting planar, circular, cylinder objects, and indoor reconstruction from
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point cloud data [30-32]. Since the wall panels are planar objects, the main concern of this
study is plane segmentation methods. Plane segmentation is to obtain clusters on planar
surfaces, and there are mainly four approaches for plane segmentation [29,33,34]:

1. Model fitting-based methods. The random sample consensus (RANSAC) algorithm
and Hough transform belong to this category. The model fitting-based methods are
robust segmenting for plane surfaces, especially datasets with high noise and outliers,
whereas it could generate spurious and nonexistent planes, and it is used more for
regular plane detection [35-37].

2. Region growing methods. Region growing is commonly used, as it is well known for
its simplicity and relatively low computational cost for plane segmentation [30,38].

3. Clustering feature-based methods. Clustering feature-based methods are robust
under noisy conditions, but they are computationally expensive and fail to segment
complex situations [39,40].

4. Global energy optimization-based methods. The global energy optimization-based
methods are also computation load consuming and always conducted after other seg-
mentation methods. For example, Dong et al. [34] used the global energy optimization-
based method to obtain higher quality segmentation results after region growing
process.

To provide a practical IQC method, the segmentation approach should be easy to
use and efficient in consideration of computational expense and practicality. Among the
different approaches, the region growing segmentation algorithm is commonly used due
to these advantages and therefore it is adopted in this paper. However, it involves several
segmentation parameters, which need to be properly determined. The main challenge is
that there is no universal approach valid for all cases [29], and no investigation has been
conducted on the segmentation of PWPs for construction site data.

Classification is the step that labels segments or group of points to specific classes
based on different criteria, which is also called semantic segmentation or point labeling [28].
In construction projects, the as-design BIM models are usually used for classification of
laser scanning data [15,16]. For example, Guo et al. [41] identified columns by automated
matching laser scanning data to the as-design BIM model based on predefined control
points. Bosché and Guenet [23] made the classification by matching laser scanning data
with the as-design BIM model, based on the orthogonal distance and normal similarity
between laser scanning points and object surface of BIM model. Some commercial software
is also adopted for classification, such as as-built BIM model development from laser
scanning data. Jung et al. [42] developed a semi-automated procedure for as-built BIM
to reconstruct a 3D model in Leica Cyclone 8.0 software. Nguyen et al. [43] created an
as-built BIM model by Revit from the point cloud. Sanhudo et al. [44] obtained geometric
data from the laser scanning point cloud and created a BIM model using Revit. However,
although these methods are largely successful, the way they used for classification failed
to obtain the geometry properties of each element, so they could be inefficient for further
specific quality check.

In summary, although much work has been done on segmentation and classification
algorithms, the segmentation parameters need to be determined for each case. Currently,
no research has focused on the PWPs and therefore there is a need to determine appropriate
parameters for such cases. Moreover, checking the installation quality requires geometry
properties of each PWP to be defined. This paper presents first results of the work on
an efficient and practical method using laser scanning technology for onsite installation
quality check of PWPs.

3. Criteria of Installation Quality Check (IQC)

There are several specifications on prefabricated construction projects in different coun-
tries, such as the US, Australia, and China. For example, in the US, according to the “Guide
for Precast Concrete Wall Panels” reported by ACI Committee 533 [45], the installation
tolerance of PWP is % in (6.35 mm) for every 10 ft (3.048 m) of element height. In Australia,
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as required in “Reinforced Concrete Design (in accordance with AS 3600—2009)” [46],
“AS3600-Concrete Structures” [47], and “Precast Concrete Handbook (Australian stan-
dards)” [48], tolerances of concrete structure deviation are about £10 mm to + 20 mm.
In addition, the verticality deviation of walls must not exceed the greater of the spec-
ified dimension divided by 200, or 10 mm. Therefore, 10 mm can be regarded as the
tolerance of prefabricated element installation for Australian projects. In China, there are
several specifications for quality control of prefabricated concrete construction, such as
national specifications such as the “Code for Construction and Acceptance of Concrete
Structures” [49] and industry standards such as “Technical Specification for Prefabricated
Concrete Structures” [50], as listed in Table 1.

Table 1. Dimensional tolerance deviation of prefabricated structures in China [49,50].

Tolerance Deviation
Items

(mm)
- . <5m 5
The verticality of The height of column
prefabricated and wall panel after >5mand <10 m 10
elements erection >10m 20
Head face of the panel 5
Plasteri
Horizontal alignment The bottom face of astering 5
between contiguous beam and panel Without plastering 8
elements
Side face of column Appeared 5
and wall Buried 8

This paper is based on the Chinese standards for PWP quality. If the height of PWP is
less than 5 m, the vertical deviation threshold (T,,;) should be set as 5 mm. The horizontal
alignment deviation threshold (Tj,) is set as 5 mm as well. However, these deviation
thresholds can be easily adjusted according to the requirement of different countries;
the proposed method can be generalized and adapted to most prefabricated projects
worldwide.

The methods of calculating horizontal alignment deviation and verticality deviation
are given in Figure 2. Deviation is the difference between installed PWP and designed
requirements, such as the datum lines at the construction site. If the deviations are all
lower than the thresholds, this PWP meets the quality requirement. Horizontal alignment
checks are only conducted between the PWPs, which are designed to be parallel with the
datum lines. The horizontal alignment deviation between PWPi and PWPDj, dj, is shown in
Figure 2a. The distances d; and d; between the bottom area of PWPi and PWPj with the
datum line are measured. Then d;; of two neighboring PWPs can be calculated. Quality of
verticality is checked by a specially made T-type measuring tool (2 m in length), as shown
in Figure 2b. This tool is placed along at one side of PWP and the plumb line indicates the
verticality. The horizontal distance between the plumb line and a midpoint, marked on the
PWP, is the vertical deviation Al.
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The IQC process using laser scanning is shown in Figure 3. There are four phases, in-

cluding data collection using laser scanning, PWP identification, quality check of horizontal
alignment, and quality check of verticality.
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Figure 3. IQC process.

The first phase is to perform laser scanning. The proposed method should be practical
to be used in onsite quality check. From the perspective of practical use, the scanner should
be easily placed and moved at the cluttered construction site [44]. The time required for
each scan should be short, as the construction site is dynamic and changes fast. In addition,
the scanner needs to be easily accessible with low expense. From the view of technical
consideration, the resolution, speed of scanning, scanning range, and accuracy are critical
to obtain effective data at the construction site [51]. Considering from both practical and
technical aspects, a commonly used laser scanner BLK 360 is adopted for this study, which
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is low cost, relatively small, light weight, and fast [52]. The scanner characteristics are
shown in Table 2. The scanner with a scanning range of 60 m is sufficient to cover the site
area in each scan. Each scan takes only 3 min. The time to scan the site is after installation
of all PWPs for one floor. The scanner should be located at a place where it can cover
multiple PWPs. Usually, the distance from the scanner to the PWP may be approximately
2-4 m at the construction site, and so the scanning resolution and ranging accuracy could
be higher than those provided parameters with distance of 10 m in Table 1. The dense point
cloud collected should be able to meet the requirements for the quality check, which will
be further validated in Section 5.

Table 2. Technical characteristics of the BLK 360 laser scanning device.

Technical Characteristics

Image resolution 360° HZ x 300° V (150 MP) spherical image
Scanning resolution Every 10 mm in HZ and V (distance 10 m)
Ranging accuracy 4 mm every 10 m/7 mm every 20 m
Speed of scanning 360,000/s
Scanning range 60 m
3D point accuracy 6 mm every 10 m/8 mm every 20 m
Scanning time Less than 3 min (full-dome scan)
Size 165 mm tall x 100 mm in diameter
Weight 1kg

Co-registration is performed after laser scanning data collection, which is to combine
data collected from different scans into one dataset [42,53]. Currently, there are many
well-established software programs used for the data registration, such as Leica Cyclone
8.0 [42]. This process is commonly completed manually within the scanner’s software.
The required time of registration depends on the number of scans. If the construction
site is large or consists of several separate rooms, there will be several scans for one floor
scanning, as PWPs may occlude each other. The time spent for registration could be longer.
If the construction site is more open, the scanning process could be very quick and efficient.

The second phase is to identify the PWPs within the point cloud (the details of the
identification process are presented in Section 4.2). The site is normally cluttered with
rebar, temporary supports, construction materials, etc., which are regarded as background
points [15]. These background points need to be filtered first. As mentioned above, a region
growing segmentation algorithm is adopted to detect the PWPs and floor surface and
separate them from the background points. In the segmentation process, the most critical
step is to determine the suitable values of segmentation parameters. After segmentation, a
classification method using normal vector v; is used to identify the PWPs from the floor
surface.

The third phase is to conduct the horizontal alignment quality check, as presented in
Section 4.3. The PWPs that are unable to pass the quality check are identified.

The fourth phase is to conduct the verticality check. This phase is presented in
Section 4.4. The check of horizontal alignment and verticality are carried out parallel in the
proposed method.

Finally, PWPs that need either horizontal or vertical rectification are established.

4.2. Identification of PWPs

There are two steps for identification of PWPs: (1) segmentation based on the region
growing algorithm and (2) plane fitting using the RANSAC algorithm.

4.2.1. Region Growing Segmentation

As the laser scanning data are unstructured points, the first step groups the points
into segments with specific characteristics. As mentioned above, the segmentation is to
identify PWPs and remove the background points.
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Region growing algorithm considers proximity of points and similarity of locally
estimated surface features [33,54]. These features are planarity or roughness of the surfaces,
which is computed by the normal vector and curvature [34,35]. First, all points are sorted
by their curvature values, and the region grows from the point that has the minimum
curvature value, which is regarded as a seed point. The seed point is in a flat area, so that
growing of the region reduces the total processing [33]. Points, which are located at the
vicinity of the seed point and have properties similar to the seed point, are grouped into
the same cluster.

The challenge of segmentation is to find suitable values for the segmentation pa-
rameters. Inappropriate selection of values for those parameters might result in over-
segmentation or under-segmentation problems [33]. Since there is no one-for-all solution
to thresholding, the selection of suitable values of parameters is always done by trials and
experiments [34]. There are different opinions on thresholding of region growing based on
previous studies, mainly including the selection of KS and 6s. The explanation of the five
parameters and the suggested values that are reported in previous studies are listed, as
follows [55-571:

1.  Ksearch (KS)—KS is the number of points used for the normal estimation of each point.
The k nearest neighbors (kNN) method is used to find neighboring points [34,58].
The selection of KS needs to consider the surface of PWP, point density, laser scanner
type, and so on [55-57]. Some studies recommend using small KS, where the normal
vector of each point is more representative of the local surface feature [54]. If KS is
large, normal estimation might ignore some details. For example, Xiao et al. [57]
used KS as 15 and 25. While many authors suggested using a larger KS for better
normal estimation, since a smaller KS made the normal more susceptible to noise.
For example, Deschaud and Goulette [59] proposed using 50 for KS. There is no
agreement on determining the value of KS.

2. Number of neighbors (NN)—NN is the number of points neighboring the seed points
for region growing. Both KS and NN used the kNN method to find neighboring
points.

3. Minimum clusters (MC)—this parameter sets the minimum number of points for a
valid plane cluster, which means the clusters that have fewer points than this value
are ignored.

4. Smoothness threshold 65 (ST)—ST (6s) is the value to limit the angle difference of
normal vectors between seed points and their neighboring points. The neighboring
points with angle difference smaller than 65 are regarded in the same cluster of seed
points [34]. Dong et al. [34] pointed out two segmentation problems, over-segmented
and under-segmented, which are caused by an inappropriate set of 65. Smaller 05
could result in over-segmented problem. Only closely similar points are merged, and
many clusters are not detected under strict growing criteria. Conversely, larger 0
cause under-segmentation, which allows some not-quite similar points to be grouped
into the same cluster. Shao et al. [58] set 05 as 10° for the segmentation process, while
Dong et al. [34] indicated 10° is a relatively large value.

5. Curvature threshold 7. (CT)—the curvature constraint is used to test if a potential
growing point can be added to a seed set.

There are few discussions on value selection of NN, MC, and CT (+y.). The selection
of NN and MC need to consider the density of point cloud and the size of elements.
The selection of CT () needs to consider the shape of the elements [56,57]. To provide
a practical approach for onsite use, appropriate segmentation parameters for specific
scenarios should be determined in advance. The segmentation and IQC procedure should
be performed shortly after the laser scanning is completed.

4.2.2. RANSAC and Classification

The second step is to classify the PWPs and floor surface. A method using the normal
vector v; to classify vertical and horizontal segments mentioned by Wang et al. [17] is
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adopted. The RANSAC algorithm is used to estimate the parameters of the best plane to
the individual segments. The main advantage of the RANSAC algorithm is its robustness
to compute a plane in the presence of a high percentage of outliers (>50%) [24,60]. The
parameters needed for RANSAC are the minimum points, distance threshold, and itera-
tions [61,62]. The minimum points adopt the value of MC identified in region growing
algorithm. Distance threshold is the maximum distance of point samples from the ideal
plane, and the points are considered as an inlier [63]. The distance threshold is fixed to
6 mm, which is the point cloud accuracy of the laser scanner. Iteration is the number that
RANSAC will loop over. Higher iteration could make a more robust fitting result. For
example, Imre and Hilton [64] applied RANSAC as 100 times. The iteration is set as 500 in
this study, which is sufficient for this process. These parameters are predefined without
further experiments. After RANSAC, the mathematical expression, unit normal vectors,
and the contained points of the fitted planes are acquired. Therefore, based on the features
of normal vector v;, the floor surface and PWPs are classified. Each PWP is assigned a
unique identifier (ID).

4.3. Horizontal Alignment Check

Quality check of horizontal alignment is focused on bottom edges of PWP, which is
shown in red in Figure 4. The critical task is to obtain the bottom edge of each classified
PWP. The first step is to extract points of the bottom area from the fitted plane. The height
of each point is the distance from the point to the floor surface. Due to the impact of
incomplete scanning and occlusions, the height (T},) of the bottom area is set at 0.2 m to
obtain sufficient points. The Tj, needs to consider the shape of PWP and occlusions caused
by supporting elements on the PWPs. The larger Tj, could ensure that more points can be
obtained. If fewer points are selected, then the bottom edge estimation could be more easily
influenced by noise and outliers. In addition, as some PWPs might have an opening in the
bottom part, 0.2 m could ensure the sufficient points of the bottom part can be acquired.
The height of points lower than Tj, are identified as bottom points of each fitted plane.
Then the bottom points are projected to the x—y plane. Finally, line fitting is performed
through these projected points (Figure 4) using a linear regression algorithm [65].

Bottom edge computation

1. Extraction ~ Bottom area

X 2. Projected on
Fitted plane C, x-y plane
- <

Fitted bottom edge 3. Line fiting ~ Bottom points

Figure 4. Bottom edge computation of PWP.

The second step is to compute horizontal alignment deviation d;; . Horizontal align-
ment check needs to be conducted among the PWPs that will be installed at the same wall
plane. These PWDPs are determined based on design requirements and design drawings.
First, the two panels should be parallel. If the two panels are not parallel with one another,
then they are identified and need to be rectified, and there is no need to make a further
check. Second, if the two panels are parallel, similar to the conventional method, the
horizontal alignment deviation d;; is determined by the distance from the end point P; to
the bottom edge of PWP;, as shown in Figure 5.
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Point cloud of PWP; Point cloud of PWP;
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Figure 5. Horizontal alignment deviation computation.

According to the installation requirement in Section 3, the horizontal alignment
deviation threshold (Tj,) is 5 mm. If the horizontal alignment deviation d;; is smaller
than Tj,, it means that PWP; and PWP pass the quality check. If it is larger than Tj,, then
PWP; and PWP; need to be rectified.

4.4. Verticality Check

As introduced in Section 3, the vertical deviation is determined as Al (see Figure 2b).
Unlike the conventional method, our approach adopts angle analysis (see Figure 6), but
follows the same criteria of quality check as the manual check. Theoretically, our approach
could be a better representation of verticality quality than the manual check. For example,
verticality deviation Al from the top to the bottom area of PWP can be computed based on
the point cloud, while the manual check uses only the tool to measure the deviation within
2 m range on the surface of the PWP.

Al
Y‘L-L

All'= hf * tan a;

1
1
1
1
i
:
Fitted plane C; ‘
1
1
1
S
1
1

Normal vector

of ground vo — L4 Pi=<ve, vi>
Bi Normal vector of
IN L ——— plane w

@
ﬂi/

Normal vector of ground vz

o; =90°- B,

Ground plane

Figure 6. Vertical deviation computation.

The vertical deviation can be calculated applying basic trigonometry. The point cloud
of each PWP is fitted to a planar surface in Section 4.2.2, and the normal vector of each PWP
is also identified. The normal vector of the fitted plane is denoted as v; and the normal
vector of the floor surface is vy. Both are known after the using RANSAC. Angle B, between
v; and vy represents the verticality of PWP; «; represents the vertical angle deviation of the
PWP. Vertical height h; of PWP is computed as the range of z values of the points in the
fitted plane. The angle B; and vertical deviation Al; are calculated based on Equations (1)
and (2):

(o*xi) + (orys) +(z0%2) .4, ey
2 2 2 2 21 z2 T
Vx0? Yo + 202 ¥ /X2 + Y2 + 24

Bi = < vg,v; > = arccos

Al; = h; x |[tan(90° — B;)|, hj = max[z;] —min[z;], i=1,2,...,n (2)
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where vy (X9, Yo, z0) denotes the components of the normal vector of the floor surface,
v; (x;, ¥, z;) denotes the components of the normal vector of C;, and 7 is the number of
PWP.

The tolerance of verticality deviation of PWP is determined as T4, as given in Table 1.
If Al; is larger than T4, then the PWP needs to be rectified. Finally, all required attributes
for IQC in the proposed method are listed in Table 3.

Table 3. Attributes in the proposed IQC method.

Quality Check Attributes

Horizontal Horizontal alignment deviation (d;;)

Deviation angle (8;)
Vertical Height (h;)
Vertical deviation (Al;)

5. Case Study Analysis

After the development of the IQC process, a prefabricated construction project in
China was used for determining the values of parameters used for the segmentation
process, so that the method proposed could be validated and the parameters adopted for
similar projects.

5.1. Case Background

The selected prefabricated project is located in Pudong district, Shanghai, China. The
total floor area of this project is more than 14 ha with 15 high-rise residential buildings.
The No. 11 building is a work-in-progress building and is selected for the case study in this
research. It has sixteen floors, and each floor has four units. Each unit covers approximately
112-140 m? floor area. The external walls, some parts of internal walls, and floor panels are
prefabricated. Each floor has 24 external PWPs and 18 internal PWPs. The external PWPs
were installed before internal PWPs. After installation of all PWPs for one floor area, the
conventional IQC process was conducted on all panels individually. In this case study, the
proposed laser scanning method is used for one-quarter of the total floor to check the panel
installation, in comparison with the conventional manual method, as shown in Figure 1.
The types of PWDPs in this floor were covered in the selected part. As presented earlier, a
Leica BLK 360 scanner is used. The layout of PWPs and scanning positions are given in
Figure 7a. Seven PWPs are scanned simultaneously, as seen in Figure 7b, and information
of PWPs is presented in Table 4 and Figure 8.

— EL3 | EL4
‘ EL2| |
ELI Ij
L .'lh\‘. Scan2 | ILA
\,.4 [ Scani |

f— | External PC

“| Internal PC

(a) Layout of selected PWPs

Figure 7. Cont.
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Figure 8. Images of internal (IL) PWPs and external (EL) PWPs.
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Table 4. The types of information for the scanned PWPs.

Number of PWPs PWP Type PWP Shape Type ID
Figure 8a EL1
. Figure 8b EL2
4 Bay window panel Figure 8¢ EL3
Figure 8d EL4
1 External panel Figure 8e EL6
2 Internal panel Figure 8f IL2, IL4

Figure 7b shows the scanning process; the green circles are the places where the scanner
was positioned. Two scans were used for the test PWPs. The point cloud co-registration was
performed using the commercial Leica Cyclone software, along with manually cropping
out the surrounding environment. The points of surrounding environment were removed
to avoid unnecessary data processing with these points, as they were not used in the quality
check process. Manual cropping of the surrounding environment usually required about 1
or 2 min. Finally, a total of 10,226,246 points were used in the validation tests.

5.2. Determination of Segmentation Parameters

As mentioned in Section 4.2.1, the suitable values of the five segmentation param-
eters (KS, NN, MC, ST, CT) need to be determined for the test-use case. We performed
many rounds of trial and error before determining suitable parameter values. The pur-
pose of choosing suitable values of parameters is to avoid over-segmentation and under-
segmentation [34]. The general guideline for tuning the values of KS, NN, and ST is to
increase the values of KS, NN, and ST if the result is over-segmentation. If the result is
under-segmentation, then the values of KS, NN, and ST need to be decreased. The follow-
ing paragraph presents the process for each parameter, considering that some parameters
were already assigned suitable values. In the figures of segmentation results, segments are
represented in different colors.

For K search (KS), as discussed in Section 4.2.1, the smallest value proposed by Xiao
et al. [57] is 15, the largest value proposed by Deschaud and Goulette [59] is 50, so 15~50
is used as a testing range of KS in this research, and the interval is set as 5. The testing
results are summarized in Table 5 and Figure 9, for NN = 25 and ST = 5. In Figure 9a, when
KS =15, 25, and 30, only internal panels, IL2, IL4, and EL6 of regular rectangular shape are
segmented, and this is over-segmentation. Figure 9b shows that, when KS = 35, the point
cloud is appropriately segmented. All PWPs are segmented clearly from the data set. In
Figure 9c, when KS = 40, 45, although PWPs can be recognized from the point cloud, some
extra points are also recognized for EL1 and EL4. The segments are not planar surfaces
and this is under-segmentation. Using this case study analysis, it is suggested that KS = 35
be used for similar cases.

Table 5. Segmentation results of different KS values.

KS Status Segmentation Result
15 Over-segmentation

25 Over-segmentation Figure 9a

30 Over-segmentation

35 Suitable segmentation Figure 9b

40 Under-segmentation

45 Under-segmentation Figure 9¢
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(c) Under-segmentation (KS =40, KS = 45) (from left to right)

Figure 9. Segmentation results for different KS values.

The determination of the suitable value of NN is similar to that of KS. As NN and KS
adopt the same method for finding neighbor points, the testing range of NN is 15~50 as
well. The segmentation results are given in Table 6 and Figure 10 (KS = 35 and ST = 5).
When NN is set as 15 and 20, only IL2, L4, and EL6 are recognized, as seen in Figure 10a,
and this is over-segmentation. When NN is set as 35 and 40, Figure 10c shows many
extra points are connected with EL1, EL3, and EL4 after segmentation. These segments of
PWPs are not planer surfaces, and this is under-segmentation. While NN is set 25 and 30,
the PWPs can be appropriately segmented, as shown in Figure 10b. Therefore, they are
suggested as suitable NN values. This study uses NN = 25.

Table 6. Segmentation results of different NN values.

NN Status Segmentation Result
0 Overseimentaton
0 Suiabl eementation
r Underseimentaion
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-

(c) Under-segmentation (NN = 35, NN = 40) (from left to right)

Figure 10. Segmentation results of different NN values.

Smoothness threshold 6 (5T), as mentioned in Section 4.2.1 and given a value of 10,
could be a relatively large value for 65 [34]. Thus, the thresholding test of 65 is started
from 1 to 10, when KS = 35 and NN = 25. To quickly identify the suitable value and reduce
testing times, first the middle value 6 = 5 is tested. When 65 is smaller than 5 (05 = 4), the
data are over-segmentation, as seen in Figure 11a. When 65 is larger than 5 (05 = 6), it is
under-segmentation, as seen in Figure 11c. Thus, 5 is the suitable value for 6 (Figure 11b).

(a) Over-segmentation (65 =4) (b) Suitable segmentation (85 = 5) (c) Under-segmentation (65 = 6)

Figure 11. Segmentation results of different 65 values.

After the tests, the suggested values of CT (y.), MC, KS, NN, and ST (fs) are sum-
marized in Table 7. At this time, all the PWPs and floor surface in the case data can be
identified after segmentation, and there are no other unnecessary segments. These sug-
gested values can be adopted in the installation quality check-up processes for similar
residential building projects using the same scanner. Since PWPs are widely used in prefab-
ricated residential buildings, the values suggested can be used in many other cases. There
may be variations in the shape and size of PWPs used in different projects, but the same
values of these parameters can be used for the same type of laser scanners. When different
laser scanners are used, these suggested parameter values provide a good estimate range,
which can save time and effort in determining the suitable values for these scanners. Then,
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the RANSAC algorithm is used to fit the plane and remove outliers. Finally, normal vectors
v; of each PWP are computed and used for checking the verticality of the installation of the
wall panels.

Table 7. Suggested values of region growing segmentation parameters.

Parameter Suggested Values
CT () 1
MC 90,000
KS 35
NN 25
ST (6s) 5

5.3. IQC Results and Validation by Conventional Method

The IQC process was conducted using the approach presented in Section 4.3. To
validate the quality check results of the proposed method, a conventional method of IQC
was conducted at the same time as the laser scanning. This was carried out by the manual
check (steps 5 and 6 as shown in Figure 1). The validation results demonstrated that the
proposed laser scanning method could correctly identify the PWPs need to be rectified.
The IQC results of the manual check and proposed method are given in Table 8. This table
includes the horizontal alignment deviation, vertical deviation, and the panels need to be
rectified based on the check results of horizontal and vertical deviation.

Table 8. Results of proposed IQC method using laser scanning and manual check.

Horizontal Alignment Deviation Vertical Deviation Panel Needs to Be Rectified
B n Both Horizontal
PWP d;j (mm) Result Al; (mm) Result as:ﬁ ; Ve r(t)it cal ((Z)h e c(l)< ta
1QC Manual 1QC Manual 1QC Manual 1IQC Manual 1QC Manual Check
Method Check Method Check Method Check Method Check Method
EL1 3.793 3.8 V4 4
EL2 1.672 4.0 V4 V4
EL3 day d=52 X X 4.537 3.0 V4 4 X X
EL4 =6.719 ’ X X 0.564 3.0 4 4 X X
EL6 5.597 59 X X X X
1.2 1.479 2.5 V4 V4
1.4 1.269 2.2 vV Vv

Note: PWP = prefabricated wall panel, EL = external wall panel, IL = internal wall panel, \/ = quality check passed, x = rectification

required.

The results of horizontal alignment check are given in Table 8. Based on design
requirements and design drawings, the bay window panel EL3 and panel EL4 need to be
installed horizontally aligned, as seen in Figure 7a. Therefore, a quality check of horizontal
alignment needs to be conducted on these two PWPs. According to the check result of the
proposed laser scanning method, the relative horizontal deviation between panels EL3
and EL4 are computed as 6.716 mm, which is larger than horizontal alignment deviation
threshold (Tj,; = 5 mm) as given in Section 3. Therefore, the IQC method indicates the
installation of EL3 and EL4 do not satisfy the quality requirement. At the same time, their
horizontal alignment deviation obtained by manual check is 5.2 mm. The manual check
indicates the panels EL3 and EL4 are not aligned and need to be rectified. Therefore, the
horizontal alignment check of the proposed method matched with the manual check.

The check results of the verticality are also given in Table 8. The vertical deviation of
panel EL6 is 5.597 mm according to the proposed laser scanning method, which is higher
than the quality check requirement of verticality (T,; = 5 mm) as presented in Section 3.
Thus, panel EL6 needs rectification. Panels EL2, EL3, and EL4 passed the vertical quality
check, while their deviation Al; of IQC method is drastically different from the manual
check method. This is because there are many rebar connected on the bottom area of panels
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EL2, EL3, and EL4. The tuning of segmentation parameters might not be able to segment
panels apart from rebar, which causes errors in the computation of verticality. According to
the manual check, the vertical deviation of panel EL6 is 5.9 mm. The manual check shows
that panel EL6 needs rectification. Therefore, the verticality check results of the proposed
method and manual check are also consistent.

After the quality check of horizontal alignment and verticality, resulting data for the
panels that need to be rectified are presented in Table 8. If one of the horizontal alignment
check or vertical check fails, the panel needs to be rectified. Therefore, panels EL3, EL4,
and EL6 are identified for rectification. In conclusion, the proposed method could make
IQC using laser scanning data and identify PWPs that need rectification correctly in this
case study, which is the same as the results of the manual check.

The total time of using the laser scanning method included onsite data collection,
preprocessing including data registration and cropping out the surrounding environment,
and data processing of IQC. The data collection and preprocessing took around 10 min. The
total computation time of the data processing of IQC is shown in Table 9. The segmentation
process was completed in approximately 140 s, which is fast and efficient. The fitting
process was finished in around 84 s. The computation of IQC results for all PWPs took less
than 4 min. The total time using laser scanning for quality check was less than 14 min.

Table 9. The computation time of the data processing of IQC.

Process Computation Time (s)
Region growing segmentation 140
RANSAC 84
Computation of d;; 1
Computation of j; .
Computation of Al;
Total 226

5.4. Discussion

This study uses the conventional manual quality check result to validate the laser
scanning method as it is the current acceptable method used in practice. However, the
manual check method is prone to many errors, such as reading errors, inaccurate placement
of measuring tools, inaccuracy of the tools, etc. [3,7,53]. Theoretically, the laser scanning
technology should have higher accuracy than the manual method and provide more reliable
measuring results [8,9]. The accuracy of the results, however, depends on the scanning
process and the applied processing algorithms. As the results show, the laser scanning
quality check method and the conventional manual method identified the same panels that
needed to be rectified. However, there are some differences in the values of horizontal and
vertical deviations detected by these two methods.

Based on the experiments using these case data, it is found that some factors could
influence the determination of segmentation parameters. First is the shape of PWP. The
regular PWPs are more easily identified by the region growing algorithm, and larger range
of parameters could be suitable for segmentation of regular shapes. For irregular PWDPs,
a much smaller range of parameters is suitable, especially the values for KS, NN, and
ST. Second, the size of PWPs and point cloud density could also influence the value of
parameters. For example, the MC is determined by the PWP segment that has the smallest
number of points, so changing either the size of PWP or point cloud density could affect
the value of MC. The KS and NN could also be influenced by the point cloud density. When
the point cloud density is higher, the normal estimation and neighbor point search for each
point are more representative of local surface features under the same condition of KS and
NN [54]. Therefore, for point cloud datasets of different density, the value of segmentation
parameters needs to be adjusted. Some other factors, such as floor layout and the material
of PWPs, might also influence the value of the segmentation parameters.
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For future exploration, there are some other approaches that can be used for segmenta-
tion and plane fitting. For example, segmentation based on voxel or mesh [33], or weighted
regression techniques [65], etc., could be more promising approaches. The RANSAC is cru-
cial to the verticality check. In addition to RANSAC, the Hough transform and least squares
methods are alternative estimation techniques that may be useful for plane fitting [15,31].
Further study can be focused on the comparison among these approaches.

This case example adopted a single type of laser scanner BLK 360, which is easy to
use on construction sites. This scanner was selected as it is widely available in Chinese
construction companies due to its reasonable price; therefore, the proposed method can be
conveniently adopted in practice. The operation of the BLK 360 scanner is quite simple, so
it can be used by workers having no experience in surveying. The scanning time is fast,
which is less than 3 min for one scan. The disadvantage of BLK 360 is that it has lower
accuracy than other higher-end and more expensive scanners. In the next phase of the
research, different types of scanners will be used to compare their effectiveness in quality
check of installing prefabricated elements.

6. Conclusions

Installation quality check is a critical task in prefabricated construction, and currently
mostly is still carried out by the manual method, which is slow and ineffective. Laser
scanning technology can provide accurate geometric information of installed prefabricated
elements and have great potential to be used in prefabrication quality check to replace
the tedious manual method. This study demonstrates that laser scanning and manual
approach identified the same panels for rectification, and this can be an indication that
laser scanning can replace the manual approach. The laser scanning method is practical
and more efficient than the manual approach for onsite quality check. The contribution of
this method is demonstrated from two main aspects.

First, the proposed method is effective in correctly identifying the PWPs that needed
to be rectified. This study considered selection of laser scanner, application scenario, and
established procedures and quality check criteria of IQC for PWPs for construction sites. It
used the widely available laser, BLK 360, for data collection in consideration of its efficiency,
accessibility, scanning range, accuracy, etc. The proposed method could carry out the
IQC in a quick manner. Both the horizontal alignment and verticality of each PWP can
be analyzed. Using the proposed laser scanning method, the quality check can be done
in a much shorter time frame. For example, in the adopted case, the checking time by
the current manual method was 2-3 h for one floor. The proposed method can complete
scanning, transfer the data for analysis, and produce the outcome, all in less than 1 h for
the same floor. If larger floor area and more PWPs are to be checked, the advantage of time
saving could be more obvious.

Second, this study contributes to finding the appropriate parameter values for point
cloud segmentation and classification, which is the critical step of the quality check process.
The point cloud data collected from the construction site is complex with many objects,
such as rebar, temporary support, and other construction materials. To accurately identify
the PWPs from the point cloud data, appropriate parameter values need to be determined.
In this study, the region growing algorithm is selected as it is easy to be adopted for plane
segmentation. According to the actual case, which is a typical residential prefabrication con-
struction project in China, suitable values of the segmentation parameters are determined
based on a series of systematic tests. The suggested values of segmentation parameters can
be used in similar projects.

In future work, different types of scanners and construction sites will be tested. If
different scanners are used for data collection in the scanning process, the parameters may
need to be further adjusted. In addition, the irregular shape of PWPs will influence the
completeness of the segments; therefore, how to make a segmentation of various irregular
panels can be further explored. This research provides a good reference on what parameter
values can produce satisfactory segmentation in similar prefabrication construction projects.
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In future research, machine-learning techniques can be introduced to automate the test
process and find the most appropriate parameter values for different scenarios.

As pointed out by some previous studies, laser scanning technology is one of the most
promising technologies that can be applied in prefabricated construction, and could be
combined with other technologies [1,10,66]. For example, to enhance the quality check
process, the as-designed BIM model can be used as a reference for PWP identification,
sensors can be used for locating and monitoring PWPs, and the Internet of Things could
analyze and share the data collected by laser scanners in real time. Integrating these latest
technologies with the proposed laser scanning method could further improve the efficiency
of the onsite quality check.
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